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Abstract
Active intelligent walkers (i-walkers) are promising to provide stable and efficient motion
to people with walking disabilities. There are three focuses in this thesis: system mod-
elling, controller design, and instrumentation of an active type i-walker system considering
interaction with human user as well. Two different control oriented system models and one
high-fidelity model are proposed. All system models are designed as having two-body kine-
matics and consider the physical human-walker interaction (pHWI) based on the user gait
dynamics and characteristics. The two-body kinematics of the systems define the relative
motion of the user body with the i-walker. The dynamic models of control oriented systems
are developed as single-body i-walker dynamics with human effect. These single-body mod-
els are classified as symmetric vs. asymmetric, and designed considering the vertical force
components of pHWI on the i-walker. The symmetric model is developed for the center of
gravity (CG) displacement of the i-walker human system only along the symmetric axis.
The asymmetric model is more comprehensive than the symmetric one including the lateral
CG displacement as well. The high-fidelity model considers the effect of human user as a
separate dynamic body and covers the horizontal and vertical force components of pHWI
during walking. Different control schemes are designed for each of the models with single-
body dynamics, demonstrating the characteristics and efficiency of each model. All of these
control designs are based on the same inverse kinematic controller, which utilizes two-body
kinematic model and provides the desired i-walker velocities regarding the user motion
intention. Each of the aforementioned dynamic controllers is designed to generate the
torques required to track these desired velocities. Two different dynamic control schemes
are proposed for dynamic controller: Proportional-integral-derivative (PID) and sliding
mode controllers. The designed controllers are simulation tested in MATLAB/Simulink
for the control oriented models. The asymmetric model parameters are also set for two
different type of users with symmetric and asymmetric gait patterns, respectively. Finally,
instrumentation of i-walkers for implementing the designed controllers is discussed, includ-
ing presentation of a new human motion detection technique involving laser range finder
(LRF) and encoders, and instrumentation is performed regarding the designed controllers.
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Chapter 1
Introduction
Everyone wishes to sustain an independent life, yet some pathologies, injuries, or age-
related conditions cause partial/total loss of walking ability. The people in such conditions
need assistance to perform daily living activities. However, insufficient caregiver services
lead these people to use assistive support devices. Intelligent walkers (i-walkers) could have
an important place among the mobility assistive devices, since they provide the opportunity
of independent mobility for the people with walking impairments.
Different types of i-walker systems have been developed to assist people with walking
difficulties. Due to safety concerns, the motion controllers of these systems have been
designed as passive, i.e., producing only braking torque to the system in order to steer the
i-walker. However, these passive systems increase the metabolic cost of the user and cause
fatigue. Active i-walker systems are promising for addressing such issues and increasing
walking efficiency. However, safety is still a fundamental problem for active systems due
to two main reasons:
1) The unintentional movement of the i-walker.
2) Inappropriate torque generation since the load changes and center of gravity (CG)
displacements in the i-walker system due to the physical human-walker interaction (pHWI)
have not been considered.
We propose solutions to deal with these issues and aims at improving both the safety
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and efficiency of human-walker mobility. Unlike the previous studies, this thesis focuses
on control of an active type nonholonomic i-walker system considering pHWI based on the
user gait dynamics and characteristics.
In this thesis, three different system models for the i-walker human system are pro-
posed: two control oriented models and one high-fidelity model. All of these three models
are based on two-body kinematics and take pHWI based on the user gait dynamics into
consideration. The two-body kinematics for these systems are used to figure out the rel-
ative motion of the human torso with the i-walker. This relative motion is described as
user motion intention. The two control oriented models are assumed to be single-body
i-walker dynamics with human effect. These models with single-body dynamics are classi-
fied as symmetric vs. asymmetric and designed considering the vertical force components
of pHWI during motion. The model with symmetric dynamics is designed based on the
assumption that the location of i-walker CG changes along the symmetric axis of the i-
walker in parallel with the user gait phase. The asymmetric model is developed to include
CG displacement along lateral axis, and allows to model and users having different charac-
teristics, e.g., users with symmetric or asymmetric gait patterns. The high-fidelity model
proposed for detailed modelling and simulation of i-walker guided human-walker systems.
Unlike first two models, this comprehensive model has two-body dynamics and designed
inspiring from articulated frame steering vehicles. This multi-body approach allows to
examine both vertical and horizontal force components of the pHWI during walking.
After deriving system models, two different control schemes are applied for each pro-
posed control oriented system model demonstrating the characteristic and efficiency of
these models. In this regard, an inverse two-body kinematic controller is implemented for
both system models to produce the desired i-walker wheel positions and velocities based on
the human motion intention which is defined as the relative motion of the user torso with
the i-walker. Then, the i-walker systems are controlled by dynamic controller to generate
required torques so as to track the desired wheel positions and velocities. Two differ-
ent controllers, computed torque based proportional-integral-derivative (PID) control and
sliding mode control (SMC), are introduced for the aforementioned dynamic controllers.
The dynamic controllers are designed for nominal inertia parameters of the symmetric
and asymmetric model dynamics based on the priori information or measurement about
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the user gait parameters. Both controllers are implemented for the designed system mod-
els with time-varying inertia parameters due to the i-walker CG displacements and load
changes on the i-walker. The time-varying parameters of the asymmetric model are also set
with respect to the users who have symmetric and asymmetric gait patterns. The designed
controllers are validated via MATLAB/Simulink, and the simulation results are presented.
Finally, instrumentation is studied to support the proposed controllers based on the
developed models. For the detection of human motion intention use of a Laser range sensor
and encoders is considered. Selection and mounting of sensors with adequate resolution,
actuators providing required maximum torques and a processor for communication and
commanding among sensors and actuators is discussed.
The thesis is organized as follows. In Chapter 2, background information is given
about human-walker interaction, dynamic modelling, control and sensing, in order to well-
understand the relationship between previous studies and this study. Two types of control
oriented models and one high-fidelity model for the i-walker system are proposed in Chapter
3. In Chapter 4, PID control and SMC schemes are designed and combined with an inverse
kinematic controller for the proposed control oriented system models. Simulation results
are also given to validate the effectiveness of proposed controllers and the proposed dynamic
model for the user with different gait patterns. Chapter 5 presents necessary processor,
actuators, and sensors selection based on the designed controllers and system models.
Finally, conclusions and future works are given in Chapter 6.
3
Chapter 2
Background
Independent mobility is vital for each individual to perform daily living activities without
any assistance. However, human walking ability can be weakened due to age, injuries or
different pathologies. This condition discourages the handicapped people from integrating
into the community or using their reduced mobility capacities. Conventionally, the men-
tioned issues are tackled by nursing care service, which becomes insufficient to meet the
increasing demands for walking aid [1]. Therefore, these handicapped people start to be
isolated from society and sustain a low level quality of life. All these physiological and
psychological issues for individuals with walking difficulties lead robotic researchers to de-
velop new assistive devices which force the user to employ the residual motor capability or
to restore locomotion ability via functional compensation method [2]. The main aim of the
assistive devices is to improve human mobility. For this reason, various robotic assistive
devices, Walking Helper [3], JARow [4], RT Walker [5], PAMM smart walker [6], have been
proposed.
Over the past few decades, i-walkers have become one of the most promising assistive
devices thanks to their simple structure and rehabilitation feasibility. A number of i-
walkers have been developed to provide users stable and safe mobility. I-walkers are mainly
classified as active and passive types according to power source yielded to the system [7].
Active type is motorized to provide more efficient motion, whereas passive type uses human
power and provides only braking torque in an attempt to guide the i-walker, which makes
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the passive one intrinsically safer than active one since its movement is highly dependent
on the user intention [8–10]. However, passive systems increase the effort that the user
has to spend for motion with i-walker, which decreases the walking efficiency. Active
systems are important to deal with the efficiency issue but the safety is still a key problem
due to two main reasons: the motion of the i-walker without user intention, and inexact
torque generation since the load changes and CG displacement in the i-walker system
due to pHWI have not been considered. This thesis proposes solutions to these problems
to improve safety and efficiency for active i-walker systems. To this end, we begin with
investigating the pHWI and its relationship with the user gait characteristics and dynamics.
Based on this investigation, the required torques are determined for a well human-walker
cooperation.
2.1 Human-Walker Interaction
The main objective of the i-walker is to partially support the user body weight for safe and
stable motion. This support can reach 20% of user body weight during walking [11]. If the
weight of the i-walker is assumed to be 20 kg, the applied force on the i-walker by the user,
whose weight can range from 60 kg to 130 kg, highly affects the i-walker dynamics changing
the total weight and the CG location of the i-walker system. The variations of the load and
CG place during walking could be observed from the physical interaction of the user upper
limb with the walker handles, as illustrated in Fig. 2.1. Even if the user interacts with
the i-walker via upper limb, the force distribution on the i-walker shows periodic patterns
similar to the user gait [12–14]. This similarity can be used to estimate the frequency
of CG displacement, load changes on the i-walker and the user gait characteristics. The
knowledge of these parameters could be used to achieve more realistic dynamic model and
better controller for safe and efficient motion of i-walker systems. Thus, the close relation
between pHWI and human gait increases the importance of the investigation of human
gait for assistive and rehabilation purpose.
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Figure 2.1: Configuration of human walker system.
2.1.1 Human Gait
Human walking is a method of locomotion involving two legs to provide support and
propulsion. The term ‘gait ’ refers to the walking style. The ‘gait cycle’ is described as
the time period between two occurrences of the same event. It is possible to choose any
event in gait for initiating the cycle. However, the most common start of the cycle is the
instant when one heel begins contacting with the ground (‘initial contact ’). This cycle is
completed with the re-contact of the same heel with the ground [15].
It is also possible to examine the gait cycle in two phases: ‘stance’ and ‘swing ’. The
former is the phase of the gait cycle that the foot is always on the ground in order to
support the body weight and provide propulsion to the body, and thus it is also called
‘support ’ phase. The latter is the phase that the foot is freely moving through the air [15].
The gait cycle, as depicted in Fig. 2.2, includes two periods of double support and two
periods of single support. The stance and swing phases account for approximately 60%
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and 40% of the gait cycle, respectively, and each period of double support lasts about 10%
of the cycle, which starts from the Heel Strike of a foot and ends at the Toe Off of the
opposite foot. These ratios above are highly dependent on the speed of walking [15].
Right Initial 
Contact 
Right Leg 
Left Leg 
Double 
Support 
Double 
Support 
Left Swing Phase 
Right Single Support 
Right Stance Phase 
Left Stance Phase 
Left Single Support 
Right Swing Phase 
Double 
Support 
Right Initial 
Contact 
Right 
Toe Off 
Left Initial 
Contact 
Left 
Toe Off 
Left 
Toe Off 
Right Step Left Step 
Stride 
Figure 2.2: Gait timing
Other significant gait terms used in the evaluation of the user gait characteristics,
step length, stride length, cadence, step width, are described as the distance between heel
contacts of the opposite feet, the distance between two successive heel contacts of the same
foot, and the number of steps per minute, respectively.
During walking, the CG of human body follows a path having sinusoid pattern in the
sagittal (X-Z plane) and the frontal (Y-Z plane) planes. For each gait cycle human CG
moves up-down twice in the sagittal plane, and left-right once in the frontal plane. In the
sagittal plane, minimum CG height is at the midpoint of the double support phase (5% and
55% of the gait cycle). The CG reaches maximum height at the midpoint of single support
phase (30% and 80% of the gait cycle). The CG displacement in the frontal plane also
moves the maximum right and left positions at the midpoint of the single support phases.
The CG displacement in the sagittal plane is dependent on the right-left step lengths and
walking speed or cadence [16]. Thus, the user gait pattern directly affects the displacement
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of human CG and the load on the i-walker system.
2.1.2 Human Effect on the Intelligent Walker Dynamics
I-walker physically interacts with the upper limbs of the user as seen in Fig. 2.3. This
pHWI affects the dynamics of the i-walker due to the applied forces by the user on the
i-walker handles. The pHWI in the sagittal plane can be described by the equations
Fx = Rx −mhx¨h,
Fz = mh(z¨h − g)−Rz,
Fzc = Rzb
(2.1)
where xh, zh are the location of the human CG in the X and Z axes, respectively. The
human CG location is the function of the human joint angles. Rx and Rz are the total
ground reaction forces in the direction of X and Z-axes. b and c are the distances between
human CG and ground reaction forces, and the vertical forces on the handles in X-axis.
(2.1) implies that in addition to the user body weight and body pose, the total vertical
force Fz is also dependent on the user CG motion and ground reaction forces which have
periodic nature. Thus, the total load is periodically changing with the user CG motion in
the sagittal plane. Moreover, each handle provides different amount of support to the user
with respect to the user CG motion in the frontal plane and the user gait phase during
walking. For instance, the applied vertical force on the left handle is much more than one
on the right handle during single support phase of the right leg, and vice versa.
As mentioned in the previous section, the human CG displacement is closely related
to the gait parameters, such as swing phase, stance phase, stride length, step width and
walking speed. This implies that the user gait pattern determines the load distribution on
the i-walker during walking.
In this thesis, the i-walker CG displacements and the load changes on the i-walker
due to pHWI based on gait dynamics and characteristics are considered to achieve more
accurate dynamic models. These dynamic models could be used in controller design of the
i-walker to generate the required torques for stable i-walker human motion.
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Figure 2.3: Free body diagram of human and i-walker in the saigttal plane.
2.2 Dynamic Modelling
Although there are walking aid systems having various structures [9, 10, 17–20], here we
consider a standard i-walker configuration which consists of a support frame, two inde-
pendently powering/braking differential wheels, one/two free caster/s, as shown in Fig.
2.4. The controllers and a sensor subsystem of the i-walker are designed considering var-
ious tasks, such as obstacle avoidance, motion guidance, human motion monitoring and
rehabilitation. Since the conventional i-walker has a differential drive mechanism and a
nonholonomic constraint, it shows very similar dynamic characteristic to the differential
drive wheeled mobile robot (WMR).
There are two approaches to model the dynamics of the differential drive WMR: La-
grangian [22–24], and Newton-Euler [25]. Since the former has the advantage of tackling
constraint forces, the Lagrangian method is more common to derive the dynamic equations.
In a simple WMR dynamics [22–25] , total mass is assumed to be known and exhibit sym-
metric distribution over the robot. Therefore, the place of CG is assumed to be known and
9
Figure 2.4: Intelligent walker [21]
fixed on the longitudinal axis of body fixed frame. There are also some studies in litera-
ture putting the CG on the axis of motorized differential wheels to simplify the dynamic of
WMR. Furthermore, many research neglect the motor dynamics components like viscous
damping effect, and unknown disturbances like frictions.
Though the i-walker itself has a differential drive WMR dynamics, its physical inter-
action with human crucially affects the i-walker dynamics. The i-walker provides support
up to 20% of the user body weight [11], which means that extra inertia is added to the
i-walker dynamics during walking. This extra load from human support and its applied
point are periodically changing with the user CG motion which is dependent on the user
gait dynamics and characteristics. Thus, the required torque for a stable and efficient
motion is periodically changing during walking.
[18] considers load changes and CG shifts due to pHWI for an i-walker with mecanum
wheels. [19, 26] develop a dynamic model for i-walker system having omni-directional
wheels considering the CG displacement due to the weight support. However, the varia-
tions in the CG location and total load on the nonholonomic i-walker are not taken into
account for a differential drive i-walker system. Moreover, none of these studies considers
the gait dynamics for pHWI. This thesis proposes three dynamic models for the differen-
tial drive i-walker system. All models consider pHWI and the user gait dynamics. The
dynamics of control oriented system models are designed as single-body i-walker dynamics
with human effect and are categorized symmetric vs. asymmetric. We start with devel-
oping a symmetric dynamic model based on the assumption that the i-walker system CG
displacements due to pHWI only occurs along the i-walker symmetry axis. Since the sym-
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metric model ignore the lateral CG displacement of the i-walker system due to human CG
motion in the frontal plane, an asymmetric model is proposed. The asymmetric model
enables modelling and simulation for human users with different gait characteristics. The
CG location parameters for both designed dynamic models are periodically changing in
parallel with the user gait phases. These location changes are dependent on the vertical
components of the applied forces by the user on the i-walker.
Figure 2.5: Articulated frame steering vehicles
As a third model, a high-fidelity model is developed for testing of i-walker guided
human-walker systems based on multi-body dynamic approach. The model has similar
dynamics to articulated frame steering vehicles’ as illustrated in Fig. 2.5. This steering
system is generally powered by two hydraulic actuators controlling the relative angle be-
tween two parts of the articulated vehicles. In these vehicles, the front and the rear parts
are interacted with each other via inner forces at articulated joint [27]. This two-body
system represents the i-walker human system in terms of interaction to each other and
steering of the system. In [27, 28], for control purpose a torsional spring and damper at
articulated joint are used in simplified dynamic model to represent the hydraulic cylinders
between the parts of articulated steering vehicles.
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2.3 Control
For assistive devices, safety and stable motion are the key properties as mentioned previ-
ously. In this regard, a considerable amount of research has been conducted on the control
of assistive devices. In [7] and [10], a human adaptive motion controller is proposed for a
passive nonholonomic i-walker. The designed controller adapts the dynamics of the i-walker
via braking torques to the applied forces/torque by the user and environmental conditions.
Thus, the maneuverability of the i-walkers are improved. [10] proposed motion control
scheme based on the user states, including walking, stopped and emergency states. In
[29], a human adaptive motion controller is designed for passive and active nonholonomic
walking support systems. These systems are adapted to the user disabilities and states to
improve the maneuverability. In [9], a robot walking helper is designed combining active
and passive control modes. Passive control mode uses a braking control law. Active one is
considered as gravity compensation. [14] proposes an inverse kinematic controller to move
the i-walker based on the human motion intention. Two LQR controllers are proposed to
compute the optimal state feedback gain for the stabilization of a two-wheeled i-walker
in [17]. However, these studies do not take the dynamic effects such as CG shifts, load
changes, friction, and uncertainties into consideration.
[18] proposes an adaptive based motion controller for a walking support system with
mecanum wheels. The designed adaptive controller is robust to the CG shifts and load
changes on the i-walker. [19, 26] also applied an adaptive control scheme for an omni-
directional wheeled walker for the CG displacement due to partial weight support. All
these studies neglect the fact that the pHWI is highly dependent on the user gait dynamics.
Unlike previous studies, this thesis focuses on control of an active type nonholonomic i-
walker system considering the pHWI based on the user gait dynamics and characteristics.
2.4 Sensing
Sensing plays an important role to design an assistive device like the i-walker. Suitable
sensor selection and their appropriate instalment could improve the safety and performance
12
of the i-walker system, and decrease the redundancy and cost. In the previous studies,
various sensors have been used for different purposes, such as obstacle detection, the user
intention and collision avoidance.
Force and pressure sensors placed on the i-walker handles are generally preferred to
figure out the user motion intention and the user applied force [14, 29, 30]. In [26, 31, 32],
force sensors are mounted on the armrest to understand the human directional intention.
In [29], force sensor is placed between the support frame and the mobile platform. In
addition to the force/torque sensors, laser range finders are also used to detect the relative
location of the user with respect to the RT walker for user motion intention from user leg’s
distances [7, 10, 12–14]. Compared to the previous works, in this thesis, a measurement
technique is presented to recognize the human motion intention from the user torso motion
using a laser range finder (LRF) and magnetic encoders. Moreover, force/torque sensors
are mounted on the handles to obtain user gait parameters and forces applied by the user.
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Chapter 3
System Modelling
This chapter focuses on control oriented modelling of the i-walker human system. First, a
general decentralized two-body kinematic model for i-walker system is derived, where the
interaction between the human component and the walker component is simply described
by the parameters l, ψ and φ in Fig. 3.1. After that, three dynamic models are developed
as summarized in Fig. 3.2 ; two single-body models and one multi-body model, all taking
pHWI into consideration. The two single body dynamic models focus only on the i-walker
component and model the effect of vertical force components of pHWI. These models
differentiate from each other in terms of CG displacement, and classified as symmetric vs.
asymmetric. A high-fidelity model of the i-walker system option, the two-body dynamic
model is developed based on the articulated frame steering vehicles. This two-body model
considers both vertical and horizontal force components of pHWI.
3.1 Kinematic Modelling
The kinematics of human-walker motion is modelled in [34] as illustrated in Fig. 3.1. The
nonholonomic i-walker is driven by two independent motors coupled with rear wheels of
radius r. These wheels are separated by distance 2L. In addition to the global reference
frame, two body-fixed frames are defined. One of these body-fixed frames is placed on the
14
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Figure 3.1: Human-walker motion kinematic model.
mid-point W on the axis between the rear wheels of the i-walker. The other one is put on
the mid-point H of center of the user torso or two legs. k is the distance between the point
W and the point D. There is a sensor at the point D for distance measurement.
The variables, v, ω, and α represent linear velocity, angular velocity, and orientation,
respectively. The parameters for the human are described with the subscript h, whereas the
walker parameters are denoted by the subscript w. Moreover, the kinematic parameters l,
ψ, and φ of human-walker relative motion are defined as the distance between the point D
and the point H, the angle between the velocity vector vh and the line l, the angle between
l and the longitudinal axis of i-walker, respectively.
The pose of the i-walker in the reference frame is specified by the vector pw = [xw, yw, αw]
where (xw, yw) and αw are the coordinates of point W and the heading angle, respectively.
The kinematic equations of the i-walker are given as follows:
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x˙wy˙w
α˙w
 =
cosαw 0sinαw 0
0 1
[vw
ωw
]
, (3.1)
[
vw
ωw
]
=
[
r
2
r
2
r
2L
−r
2L
][
θ˙R
θ˙L
]
= Rη˙, η =
[
θR
θL
]
, (3.2)
where R defines the kinematic relation between wheels and walker linear and angular
velocities; θR and θL represent the rotational displacements of right and left powered rear
wheels, respectively. The forward kinematic model of the i-walker is obtained as follows:
x˙wy˙w
α˙w
 =
r
cosαw
2
r cosαw
2
r sinαw
2
r sinαw
2
r
2L
− r
2L
[θ˙R
θ˙L
]
= T η˙ (3.3)
There exist three constraint equations in the kinematic model of the i-walker, which are
based on the following assumptions:
Assumption 1: There is no lateral slip, and hence the lateral velocity of the i-walker
in the body-fixed frame is zero:
− x˙w sinαw + y˙w cosαw = 0. (3.4)
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Assumption 2: Each driving wheel has a pure rolling motion, i.e., the powered wheels
continuously maintain their contacts with the ground, leading to the following constraint
equations:
x˙w cosαw + y˙w sinαw + Lα˙w − rθ˙R = 0,
x˙w cosαw + y˙w sinαw − Lα˙w − rθ˙L = 0.
(3.5)
Choosing q =
[
xw yw αw θR θL
]T
as the generalized coordinate vector, the constraint
equations above can be rewritten in the matrix form
A(q)q˙ = 0, (3.6)
where the constraint matrix is
A(q) =
− sinαw cosαw 0 0 0cosαw sinαw L −r 0
cosαw sinαw −L 0 −r
 .
The forward kinematic equations of the point W are obtained as
q˙ = S(q)η˙, (3.7)
where
S(q) =

r
2
cosαw
r
2
cosαw
r
2
sinαw
r
2
sinαw
r
2L
− r
2L
1 0
0 1

The time derivative of (3.7) is given as
q¨ = S˙(q)η˙ + S(q)η¨. (3.8)
Assuming that a full rank matrix S(q) is formed by a set of smooth and linearly independent
vector fields spanning the null space of A(q), which satisfies the equation
ST (q)AT (q) = 0. (3.9)
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Figure 3.3: Human-walker motion kinematic model in polar coordinates.
The kinematic equations of the i-walker human relative motion, as seen in Fig. 3.1,
are derived using polar coordinates. To this end, the local frame is placed on the point H,
and the coordinates are defined as eψ and el, as illustrated in Fig. 3.3. We assume that
the parameters, vh, ωh, vw, ωw, l and ψ are continuously obtained by suitable sensors and
measurement techniques. Then, we can use the velocity equalities of common point D to
derive the kinematic equations
l(ωh + φ˙)− vh sinψ = kωw cosφ+ vw sinφ,
vh cos(ψ) + l˙ = vw cosφ− kww sinφ.
(3.10)
The kinematic model of the human-walker relative motion is defined as follows:
[
l˙
ψ˙
]
=
[
cosφ −k sinφ
sinφ
l
k cosφ
l
][
vw
ωw
]
+
[
−vh cosψ
−ωh + vh sinψl
]
(3.11)
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The inverse kinematic model of (3.11) is given
[
vw
ωw
]
=
[
cosφ l sinφ
− sinφ
k
l cosφ
k
][
l˙ + vh cosψ
ψ˙ + ωh − vh sinψl
]
, (3.12)
where φ = αw − αh − ψ.
3.2 Single-body Models
In this section, two single-body models are designed based on the pHWI related to gait
dynamics. The models are classified as symmetric and asymmetric. Symmetric one is
designed for the CG displacement on the symmetric axis (x). Then, the asymmetric model
is developed considering the CG displacements both in lateral (y) and symmetric axes
during walking. Based on these descriptions, their dynamic models are defined.
3.2.1 Symmetric Model
For the symmetric model as shown in Fig. 3.4, motor viscous damping effects and torque
disturbances from unknown frictions are added to the system. The distance, d, of CG from
the point W depends on the user weight and body pose during walking. The parameter
d is periodically changing with respect to the user gait cycle. The main assumption for
this model is that the CG location only changes along with the longitudinal axis of the
i-walker.
The Lagrange formalism is very common to derive the dynamic equation of non-
holonomic differential wheeled mobile platforms to eliminate the constraint forces.
d
dt
(
∂L
∂q˙i
)
− ∂L
∂qi
= F − AT (q)λ, (3.13)
where L is the Lagrangian function, which is the difference between kinetic and potential
energy of the whole system. F is generalized force vector, and λ is the vector of the
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Figure 3.4: Symmetric dynamic model of i-walker.
Lagrange multipliers. The kinetic energy of the system consists of the kinetic energies of
wheels with actuators and support frame with human effect.
Tc =
1
2
mcv
2
c +
1
2
Icα˙
2
w,
TwR =
1
2
mwv
2
wR
+
1
2
Imα˙
2
w +
1
2
Iwθ˙
2
R,
TwL =
1
2
mwv
2
wL
+
1
2
Imα˙
2
w +
1
2
Iwθ˙
2
L,
(3.14)
where Tc represents the kinetic energy of the frame with the user partial support, TwR and
TwL are the kinetic energies of each wheel including actuators. mc represents the mass of
the support frame with human effect. mw is the mass of each driven wheel with a motor.
Ic is the moment of inertia of the support frame about the vertical axis through the CG, Iw
and Im are the moment of inertia of each powered wheel with a motor about the wheel axis
and the wheel diameter, respectively. vwR and vwL are the linear velocities of the powered
wheels. The total kinetic energy of the system based on (3.14) is
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T =
1
2
m
(
x˙2w + y˙
2
w
)
+mcdα˙w (y˙wcosα− x˙wsinα) + 1
2
Iw
(
θ˙2R + θ˙
2
L
)
+
1
2
Iα˙2w, (3.15)
where m = mc + 2mw and I = Ic + mcd
2 + 2mwL
2 + 2Im. Since the system is moved
in plane, the potential energy does not change, and can be considered as zero putting
the reference at suitable height. Substituting (3.15) in (3.13), the dynamic model of the
i-walker is obtained as follows:
M(q)q¨ + C(q, q˙)q˙ = B(q)τ − AT (q)λ, (3.16)
where M(q), C(q, q˙), B(q), and τ are the symmetric positive definite inertia matrix, the
centripetal and Coriolis matrix, the input matrix, and the torque vector, respectively,
whose detailed forms are as follows:
M(q) =

m 0 −mcd sinαw 0 0
0 m mcd cosαw 0 0
−mcd sinαw mcd cosαw I 0 0
0 0 0 Iw 0
0 0 0 0 Iw
 ,
C(q, q˙) =

0 0 −mcdα˙w cosαw 0 0
0 0 −mcdα˙w sinαw 0 0
0 0 0 0 0
0 0 0 bm 0
0 0 0 0 bm
 , B(q) =

0 0
0 0
0 0
1 0
0 1
 , τ =
[
τR
τL
]
,
where bm is the viscous damping on the motor. (3.16) can be put into a more appropriate
form of (3.16) for simulation and control purposes by eliminating the constraint term
AT (q)λ [35].
Substituting (3.7) and (3.8) into (3.16), and then multiplying both sides from left by
ST (q), the reduced dynamic model is obtained in the following form
M¯η¨ + C¯η˙ = B¯τ, (3.17)
21
where
M¯ = ST (q)M(q)S(q)
C¯ = ST (q)M(q)S˙(q) + ST (q)C(q, q˙)S(q),
B¯ = ST (q)B(q).
(3.18)
Open forms of the M¯ , C¯, B¯, and τ are as follows:
M¯ =
[
mr2
4
+ Ir
2
4L2
+ Iw
mr2
4
− Ir2
4L2
mr2
4
− Ir2
4L2
mr2
4
+ Ir
2
4L2
+ Iw
]
, τ =
[
τR
τL
]
,
C¯ =
[
bm
mcr2d
2L
α˙w
−mcr2d
2L
α˙w bm
]
, B¯ =
[
1 0
0 1
]
.
3.2.2 Asymmetric Model
The asymmetric model is developed to include the lateral CG displacement of the i-walker
in dynamic modelling. The main idea is that the user gait phase and the sinusoidal motion
of the user CG in the frontal plane cause the asymmetric load on the i-walker. In other
words, the amount of applied force on each handle is not equal to each other during gait
cycle. The magnitude and variations of the forces on the handles are dependent on the user
weight, pose, gait dynamics and gait characteristics. The developed asymmetric model is
illustrated in Fig. 3.5.
The only difference from the symmetric model is allowing the angle β which is defined
as the angle between longitudinal axis and the position vector d. The parameters, d, β, are
dependent on the user weight, body pose and gait pattern (e.g., asymmetric or symmetric).
The location of CG is redefined as follows:
xC = xw + d cos(αw + β),
yC = yw + d sin(αw + β).
(3.19)
The velocities of CG in the global frame becomes
x˙C = x˙w − dα˙w sin(αw + β),
y˙C = y˙w + dα˙w cos(αw + β).
(3.20)
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Figure 3.5: Asymmetric model of i-walker.
The square of longitudinal velocity of the i-walker system CG is
v2c = x˙
2
w + y˙
2
w + d
2α˙2w + 2dα˙w[y˙w cos(αw + β)− x˙w sin(αw + β)]. (3.21)
Substituting (3.21) in (3.14), the kinetic energy of walker with human effect is computed,
and then the total kinetic energy of the i-walker system, (3.15) is derived as
T =
1
2
m
(
x˙2w + y˙
2
w
)
+mcdα˙w [y˙w cos(αw + β)− x˙w sin(αw + β)] + 1
2
Iw
(
θ˙2R + θ˙
2
L
)
+
1
2
Iα˙2w
(3.22)
The potential energy is considered as zero due to the planar motion of the system. Applying
Lagrange Formula in (3.13), M and C matrices for the asymmetric model are obtained as
follows:
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M(q) =

m 0 −mcd sin(αw + β) 0 0
0 m mcd cos(αw + β) 0 0
−mcd sin(αw + β) mcd cos(αw + β) I 0 0
0 0 0 Iw 0
0 0 0 0 Iw
 ,
C(q, q˙) =

0 0 −mcdα˙w cos(αw + β) 0 0
0 0 −mcdα˙w sin(αw + β) 0 0
0 0 0 0 0
0 0 0 bm 0
0 0 0 0 bm

The reduced order matrices are obtained applying (3.18):
M¯ =
[
−mcdr2 sinβ
2L
+ mr
2
4
+ Ir
2
4L2
+ Iw
mr2
4
− Ir2
4L2
mr2
4
− Ir2
4L2
mcdr2 sinβ
2L
+ mr
2
4
+ Ir
2
4L2
+ Iw
]
, τ =
[
τR
τL
]
,
C¯ =
[
bm
mcr2d cosβ
2L
α˙w
−mcr2d cosβ
2L
α˙w bm
]
, B¯ =
[
1 0
0 1
]
.
3.3 Multi-body Model
In this section, a high-fidelity model is proposed to investigate the effects of the horizontal
and vertical force components of pHWI on the i-walker system dynamics. The model is
designed based on multi-body approach resembling the articulated frame steering vehicles.
There are two bodies in the model, one of which represents the i-walker and the other refers
to the user. The user is considered as a unicycle wheeled mobile platform embedded to the
i-walker. The CG location of the unicycle wheeled platform is periodically changing along
with the lateral and vertical axes in the user local frame during motion. This CG motion
represents the human CG displacement in frontal and sagittal plane during walking. The
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Figure 3.6: The representation of the i-walker human system as two-body wheeled mobile
platform.
applied steering forces by the user are resembled by springs and dampers. For representing
rotational forces applied by each human shoulder and wrist, torsional springs and dampers
are used. The applied pull-push forces through human upper limbs are described as linear
springs and dampers. The coefficients of all these springs and dampers are determined by
the characteristic of the pHWI.
3.3.1 High-fidelity Model
The body diagram given in Fig. 3.6 is highly nonlinear and complicated for modelling pur-
poses. To simplify this body diagram, as illustrated in Fig. 3.7, the following assumptions
can be made at lower speed motion:
1) The linear spring and damping effects on the upper limbs are ignored.
2) The center of rotation point for human is fixed at the point W during motion.
3) The i-walker human motion is guided by the i-walker.
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Figure 3.7: The proposed high-fidelity model.
To model the two-body dynamics, we start with the redefinition of the system kinemat-
ics. Unlike the single body models which have 2 DOF, the two-body model has 3 DOF.
Thus, the generalized coordinates is augmented to q =
[
xw yw αw γ θR θL
]T
. The
constraint equations, (3.4), (3.5) are also valid for the high-fidelity model and written in
the matrix form
A(q)q˙ =
− sinαw cosαw 0 0 0 0cosαw sinαw L 0 −r 0
cosαw sinαw −L 0 0 −r


x˙w
y˙w
α˙w
γ˙
θ˙R
θ˙L

.
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The forward kinematic equations for the system motion is in the matrix form
q˙ = S(q)z˙ =

x˙w
y˙w
α˙w
γ˙
θ˙R
θ˙L

=

0 r
2
cosαw
r
2
cosαw
0 r
2
sinαw
r
2
sinαw
0 − r
2L
r
2L
1 0 0
0 1 0
0 0 1

 γ˙θ˙R
θ˙L
 , (3.23)
where S(q) is a full rank matrix and the null space of A(q).
The dynamic equation of the system can be derived via the Lagrange approach. The
formula (3.13) can be modified adding dissipative function R
d
dt
(
∂L
∂q˙i
)
− ∂L
∂qi
+
∂R
∂q˙i
= F − AT (q)λ, (3.24)
The kinetic energy of the i-walker with human effect for asymmetric model has already
been obtained in (3.22). The user kinetic energy can be formulated as:
Th =
1
2
mhv
2
hc +
1
2
Ihγ˙
2, (3.25)
where mh is the mass of difference between human mass and supported mass by the i-
walker. Ih, vhc are the moment of inertia for human and the velocity of human CG,
respectively. The location of human CG with respect to the point W is defined by the
following kinematic relations:
xhc = xw − c cos γ − a sin γ,
yhc = yw − c sin γ − a cos γ.
(3.26)
The square of human CG velocity for deriving the kinetic energy is found as
v2hc = x˙
2
w+y˙
2
w+γ˙
2(c2+a2)+2cγ˙(x˙w sin γ−y˙w cos γ)+2aγ˙(y˙w sin γ−x˙w cos γ)−4acγ˙2 sin γ cos γ
(3.27)
The total kinetic energy for the two-body dynamic model is derived as
T =
1
2
mT
(
x˙2w + y˙
2
w
)
+mcdα˙w (y˙w cos(αw + β)− x˙w sin(αw + β)) +mhcγ˙ (x˙w cos γ − y˙w sin γ)
+mhaγ˙ (y˙w sin γ − x˙w cos γ)− 2mhacγ˙2 sin γ cos γ + 1
2
Iw
(
θ˙2R + θ˙
2
L
)
+
1
2
Iα˙2 +
1
2
Ihwγ˙
2,
(3.28)
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where mT = mh + mc + 2mw and Ihw = Ih(a
2 + c2)mh. T is the total kinetic energy of
partially supported human mass and the i-walker with human effect (3.22). The potential
energy of the i-walker human system, V is
V =
1
2
kR(αw − γ)2, (3.29)
where kR is the coefficient of the torsional spring at the point W . The dissipation function
of the system R is computed as
R =
1
2
bR(α˙w − γ˙)2, (3.30)
where bR is the coefficient of the torsional damper at the articulation point W . The
resultant dynamic model will be held in the following form
M(q)q¨ + C(q, q˙)q˙ +R(q˙) + V (q) = B(q)Q− AT (q)λ, (3.31)
whereR(q˙), V (q) andQ are the dissipative force vector, conservative force vector and gener-
alized force vector, respectively. The generalized force vector isQ =
[
F1 F2 0 0 τR τL
]T
.The entries of matrices, M ,C, and the other matrices and vectors are given in the Ap-
pendix.
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Chapter 4
Controller Design for Different
Models
The main aim of control design in this chapter is to generate the required control torques,
τR and τL, to keep the i-walker in front of the user such that the angle ψ → 0 and the
distance, l → ld as t → ∞ in Fig. 3.1, where ld is desired human distance from the point
D on the i-walker. In this regard, an inverse kinematic controller in [34] is implemented
to obtain the desired linear and angular velocities of the i-walker, vwd, ωwd, based on the
human motion and orientation. These desired velocities are transformed into the desired
wheel angular velocities, η˙d =
[
θ˙Rd θ˙Ld
]T
, using (3.2). Then, the dynamic controller is
designed to generate appropriate motor torques in order to track the desired wheel positions
and velocities. To this end, two types of control schemes, PID controller and sliding mode
controller (SMC) are separately implemented as a dynamic controller. Then, these dynamic
controllers are combined with feedback linearization unit based on computed torque control
law. The block diagram of overall control design is shown in Fig. 4.1.
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Figure 4.1: Control design of i-walker system.
4.1 Inverse Kinematic Controller Based on Human
Intention
The inverse kinematic control scheme for the given model in Fig. 3.1 is proposed in [34]
to control the angle ψ and the distance l. The designed controller aims at maintaining
desired human-walker distance and making ψ exponentially converged to zero, which keeps
the i-walker in front of human according to human relative position and orientation during
walking. In other words, human intention is detected based on human kinematic data, and
thus the desired i-walker angular and linear velocities are produced. The kinematic model
(3.11) for our control purpose is rewritten as
[
˙˜l
ψ˙
]
=
[
cosφ −k sinφ
sinφ
l
k cosφ
l
][
vw
ωw
]
+
[
−vh cosψ
−ωh + vh sinψl
]
, (4.1)
where l˜ = l − ld. The inverse kinematic control scheme is obtained using the inverse
kinematic of human-walker motion in (3.12).
[
vw
ωw
]
=
[
cosφ l sinφ
− sinφ
k
l cosφ
k
][
−kl l˜ + vh cosψ
−kψψ + ωh − vh sinψl
]
, (4.2)
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where kl, kφ are positive control gains.
For realization of the human-walker system, the length l, the angles φ and ψ, and the
velocities vw, ww, vh and wh, can be obtained using a suitable sensor system and estimation
method. After obtaining virtual velocity control inputs in terms of desired wheel velocities,
feedback linearization technique is implemented to compute the required torques.
4.2 Feedback Linearization
In this section, feedback linearization technique is applied for tracking problem based on
the computed torque control approach [36]. The main idea of feedback linearization is to
express the nonlinear system as an equivalent linear system. The system dynamics in (3.17)
is redefined considering the torque disturbance τd due to the unknown frictions:
M¯η¨ + C¯η˙ + τd = τ. (4.3)
A desired trajectory is selected as ηd = [θRd θLd]
T , then tracking error is defined as follows:
e = ηd − η (4.4)
Integration and derivatives of the tracking error for PID controller can be expressed as
e˙ = η˙d − η˙,
e¨ = η¨d − η¨.
(4.5)
Substituting (4.5) in (4.3), the following equation is obtained:
e¨ = η¨d + M¯
−1(C¯η˙ − τ + τd). (4.6)
The control input function and the disturbance functions are defined as
u = η¨d + M¯
−1(C¯η˙ − τ),
ω = M¯−1τd.
(4.7)
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Defining a state as E ∈ R4, E =
[
e
e˙
]
, tracking error dynamics are written in the form
E˙ =
[
0 I
0 0
]
E +
[
0
I
]
u+
[
0
I
]
ω (4.8)
With the feedback linearization transform (4.7), the computed torque control law is written
as follows:
τ = M¯(η¨d − u) + C¯η˙. (4.9)
4.3 PID Controller
The non-linear computed torque control input allows to choose u(t) as a linear control
signal which makes the tracking error system (4.8) stable so that e(t) goes to zero with
time [36]. In this section, u(t) is picked as PID feedback control input.
u = −Kve˙−Kpe−Kiε
ε˙ = e
(4.10)
Substituting (4.10) in (4.9), the computed torque control law is expressed as follows:
τ = M¯(η¨d +Kve˙+Kpe+Kiε) + C¯η˙. (4.11)
The closed-loop system is given in the following state-space form
ε˙e˙
e¨
 =
 0 I 00 0 I
−Ki −Kp −Kv

︸ ︷︷ ︸
K
εe
e˙
+
00
I
ω (4.12)
The closed-loop characteristic polynomial is
∆c(s) = |s3I +Kvs2 +Kps+Ki|, (4.13)
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where Kv = diag(kvi), Kp = diag(kpi), and Ki = diag(kii) are the control gains [36]. We
can find the following equation utilizing these gains:
∆c(s) =
n∏
i=1
(s3I + kvis
2 + kpis+ kii). (4.14)
For the closed-loop stability, the Routh criteria is satisfied when
kvikpi > kii . (4.15)
4.4 Sliding Mode Control
Sliding mode control is a well known robust controller design technique in the systems with
uncertainty and disturbance [38]. It consists of two important sections. First section is
the design of a sliding surface to provide the tracking error goes to zero. Second section
is the selection of a control law to apply the sliding surface. An integral control is also
augmented to deal with constant torque disturbance in the system. Consider the general
formula of the system given in (4.3).
Defining X =
[
η
η˙
]
, we can obtain the following equation
η¨ = −M¯−1C¯η˙ + M¯−1τ (4.16)
(4.16) can be rewritten as follows:
η¨ = f(X) + g(X)τ, (4.17)
where
f(X) = −M¯−1 (X) C¯ (X) η˙, (4.18)
g(X) = M¯−1 (X) . (4.19)
Tracking error is redefined as
E¯ =
[
εT eT e˙T
]T
=
[
εT ET
]T
(4.20)
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Sliding surface guarantees that the tracking error goes to zero in finite time. A time varying
sliding surface can be defined in the following form
s(E¯, t) = e˙+ 2λe+ λ2ε, λ > 0, (4.21)
where λ is a positive constant. SMC is designed to move (4.21) to zero. Lyapunov function
can be written as
Vs =
sT s
2
(4.22)
and its derivative is written in the following form
V˙s = s
T s˙ = −k1 ‖ s ‖, k1 > 0, (4.23)
where k1 is some design constant. This condition will guarantee that the sliding surface is
achieved in finite time. Control law can be selected so that the derivative of s satisfies
s˙ = −k1sgn(s), (4.24)
where
sgn(s) = sgn
([
s1, s2
]T)
= [sgn(s1), sgn(s2)]
T (4.25)
To satisfy (4.24), the control input τ is designed. First, τ0 is selected as
τ0 = g
−1(X) (f(X)− η¨d − λe˙) (4.26)
then, the control input τ can be selected as:
τ = τ0 − g−1(X)k1sgn(s) (4.27)
4.5 Simulations
In this section, the proposed controllers are implemented to the symmetric and asymmetric
i-walker models in the MATLAB/Simulink environment. The physical parameters of the i-
walker are given as r = 0.15 m, L = 0.27 m, k = 0.65 m, bm = 0.4 kg.m
2/s, Ic = 5.2 kg.m
2,
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Figure 4.2: Changes of mc and d during motion for symmetric model.
Iw = 0.015 kg.m
2, Im = 0.002 kg.m
2, mw = 1.5 kg. The control gains for inverse kinematic
controller are selected as kl = 0.3, kψ = 0.4. The desired distance of human from the point
W , ld is 0.85 m. The generated torques, τR and τL are bounded with saturation ∓3Nm.
0.2 N.m is given as the constant torque disturbance, τd. Kp = diag(8.5), Kv = diag(6)
and Ki = diag(2) are the control gains for the PID dynamic controller. λ = 15 and k1 = 3
are given for the SMC.
Each simulation is performed for three different values of the mass mc = (46, 36, 26) +
3 cos(2pit) kg, which are defined as maximum, nominal and minimum i-walker mass during
motion. The sinusoidal oscillate, ∓3 kg, is added to the average masses to represent the
load changes on the i-walker due to pHWI.
For the symmetric model, the CG distance, d, is on-line computed with respect to the
variations of mc by the following equation
d = 0.45
mf
mc
(4.28)
where mf = 20 kg is the point mass of the support frame without load, and assumed
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to be at the distance 0.45 m from the point W . The variations of mc and the regarding
computed d for the symmetric model is given in Fig. 4.2.
For the asymmetric model, two set of parameters are determined based on the users
with symmetric and asymmetric gait patterns, respectively. We assume that the point of
the total vertical forces is sliding the y-axis of the body fixed frame. Thus, the parameter
β for the asymmetric model shows sinusoidal oscillation and on-line computed based on
the distance between the point of the total applied force and the point W . This distance is
oscillate as ∓0.05 m around zero and +0.01 m for the users with symmetric and asymmetric
gait patterns, respectively. The variations of the related parameters during walking are
given in Fig. 4.11.
The parameters of the controllers for the symmetric model are fixed for the mass,
mc = 36 kg. For asymmetric model two cases are considered. The parameters of controller
designed for the user with symmetric gait pattern are determined for mc = 36 kg, β = 0.
For the user with asymmetric gait pattern, the parameters are determined as mc = 36 kg,
β = 0.176 rad and d = 0.254 m.
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Figure 4.3: Motion of PID controlled i-walker for symmetric model.
Two different trajectory is defined for the user to follow.
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Figure 4.4: l˜ and ψ for PID controlled i-walker for symmetric model.
Case 1: The straight path followed by human is planned by
xh = vht+ c,
yh = c,
(4.29)
where c is constant. The velocities of the planned path is obtained by the following
equations:
x˙h = vh,
y˙h = 0.
(4.30)
The path are chosen as xh = 0.4t+5, yh = 5, αh = 0. The initial conditions for human and
walker are given as (xh0, yh0, αh0) = (5, 5, 0) and (xw0, yw0, αw0) = (5.2, 5, 0), respectively.
Case 2: The circle-shape path followed by human is planned by
xh = R sin(ωt),
yh = R cos(ωt)−R
(4.31)
The velocities of the planned path is obtained by the equations:
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x˙h = Rω cos(ωt),
y˙h = −Rω sin(ωt).
(4.32)
The circle-shape trajectory is defined as xh = 10 sin(0.05t) and yh = 10 cos(0.05t) − 10.
The initial conditions for human and walker are chosen as (xh0, yh0, αh0) = (0, 0, 0) and
(xw0, yw0, αw0) = (0, 0.2, 0), respectively.
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Figure 4.5: I-walker control torques of PID for symmetric model.
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Figure 4.6: I-walker velocities of PID for symmetric model.
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Figure 4.7: Motion of SMC controlled i-walker for symmetric model.
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Figure 4.8: l˜ and ψ for SMC controlled i-walker for symmetric model.
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Figure 4.9: I-walker control torques of SMC for symmetric model.
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Figure 4.10: I-walker velocities of SMC for symmetric model.
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(a) User with symmetric gait pattern.
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(b) User with asymmetric gait pattern.
Figure 4.11: mc, β, and d for each type of user.
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Figure 4.12: Motion of PID controlled i-walker with the users having symmetric gait
patterns.
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Figure 4.13: l˜ and ψ for different trajectories with PID controlled i-walker with the users
having symmetric gait patterns.
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Figure 4.14: τR and τL for PID controlled i-walker with the users having symmetric gait
patterns.
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Figure 4.15: vw and ωw for PID controlled i-walker with the users having symmetric gait
patterns.
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(a) Circle shape human trajectory tracking
with SMC controller.
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Figure 4.16: Motion of SMC controlled i-walker with the users having symmetric gait
patterns.
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Figure 4.17: l˜ and ψ for different trajectories with SMC controlled i-walker with the users
having symmetric gait patterns.
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Figure 4.18: τR and τL for SMC controlled i-walker with the users having symmetric gait
patterns.
0 2 4 6 8 10 12 14 16 18 20
V 
[m
/s]
0
0.2
0.4
0.6
0.8
1
max
nom
min
time [s]
0 2 4 6 8 10 12 14 16 18 20
W
 [ra
d/s
]
-0.6
-0.4
-0.2
0
0.2
0.4
(a) Circle shape trajectory.
0 2 4 6 8 10 12 14 16 18 20
V 
[m
/s]
0
0.2
0.4
0.6
0.8
1
max
nom
min
time [s]
0 2 4 6 8 10 12 14 16 18 20
W
 [ra
d/s
]
-0.6
-0.4
-0.2
0
0.2
0.4
(b) Straight line trajectory.
Figure 4.19: vw and ωw for SMC controlled i-walker with the users having symmetric gait
patterns.
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Figure 4.20: Motion of PID controlled i-walker with the users having asymmetric gait.
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Figure 4.21: l˜ and ψ for PID controlled i-walker with the users having asymmetric gait.
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Figure 4.22: τR and τL for PID controlled i-walker with the users having asymmetric gait.
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Figure 4.23: vw and ωw for PID controlled i-walker with the users having asymmetric gait.
Simulation results of symmetric model is demonstrated in Figs. 4.3-4.6 for PID and
in Figs. 4.7-4.10 for SMC. Asymmetric model is simulated for the users with symmetric
and asymmetric gait patterns. Figs. 4.12-4.15 show the PID control results and Figs.
4.16-4.19 display the SMC results for the user with symmetric gait pattern. In addition,
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Figure 4.24: Motion of SMC controlled i-walker with the users having asymmetric gait.
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Figure 4.25: l˜ and ψ for SMC controlled i-walker with the users having asymmetric gait
patterns.
Figs. 4.20-4.23 show the PID results and Figs. 4.24-4.27 illustrate the results for SMC for
the user with asymmetric gait pattern.
According to simulation results, the stabilization task for the proposed control schemes
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Figure 4.26: τR and τL for SMC controlled i-walker with the users having asymmetric gait
patterns.
is well-achieved. The controller keeps the i-walker in front of the user with desired distance.
The stabilization performances of both control schemes show similarity since they are
designed based on the feedback linearization technique. However, the applied control
torque inputs differentiate from each other in the transient responses. The PID controller
have applied smooth control torques, whereas the control torque inputs of SMC have sudden
increase and decrease in transient stage. These sudden torque changes are undesirable for
the controller performance and the user safety.
In the symmetric model, we have considered that the i-walker CG displacement only
occurs along the symmetric axis of the body-fixed frame. This approach could be accept-
able for lower load changes on the i-walker to achieve more stable human-walker motion.
However, more realistic and comprehensive approach must be that the i-walker CG dis-
placement demonstrates oscillation along the lateral axis as well due to the user gait phase
and lateral motion of the user CG. This oscillation is highly dependent on the user weight,
body pose, and gait characteristics. To include this lateral CG displacement, we have
developed asymmetric model.
The control oriented models above have been developed considering the vertical force
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Figure 4.27: vw and ωw for SMC controlled i-walker with the users having asymmetric gait
patterns.
component of the pHWI. These models have been simulated for the motion of the i-walker
human system based on the human motion intention. To cover the horizontal force com-
ponent of pHWI, we proposed the high-fidelity model making some assumptions. The
developed realistic model could be used for the simulation of the i-walker guided human-
walker systems.
50
Chapter 5
Instrumentation
The performance of designed controllers in the previous chapter is highly dependant on
the measurement accuracy and resolution. In this chapter, instrumentation is performed
in three categories. First, the sensors are selected in adequate resolution and embedded to
the suitable places to feed the controllers with required data such that the user can move
with the i-walker in a safety way. Second, easily controllable actuator selection is done to
achieve the desired torques. Lastly, a processor is chosen so that it can communicate with
the other hardware. Block diagram of the overall instrumentation system is shown in Fig.
5.1.
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Figure 5.1: Overall system block diagram.
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Figure 5.2: Hardware placement.
5.1 Sensors
This section is dedicated to the sensor selection for feeding the designed controllers and
monitoring the human gait parameters.
5.1.1 Force/Torque Sensors
The proposed dynamic model controllers are designed based on the location of human-
walker CG and the mass of walker with human effect, which is crucial to generate appro-
priate torques for safe and efficient human-walker mobility. To obtain these information,
Force/Torque Sensors (F/T Sensors) is used. The sensors are mounted on the handles
in this study and responsible to obtain torque data about X-axis applied by human on
the handles. The data is used to figure out the force distribution applied by user on the
i-walker during walking. Thus, the force distribution between the handles allows us to
estimate the CG place of i-walker system and diagnose whether the user has symmetric
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gait or not. Moreover, the combination of the data from F/T sensors and encoders enable
to detect some gait parameters, including step and stride lengths, cadence, and the gait
events, initial contact and toe off. Thus, the user activity performance can be continuously
monitored without any nursing care service.
Figure 5.3: Force/Torque sensor Delta IP60 from ATI Industrial Automation[39].
The maximum torque load is determined according to the following conditions;
• the user have the maximum mass of 130 kg.
• the maximum weight support yielded by the i-walker is twenty percent of the user
body weight.
• the distance from the applied force by the user to the F/T sensor is 20 cm.
• the amount of force applied on one handle can be two times as much as the force on
the other during walking.
Based on the required maximum torque load above, the Delta IP60 F/T transducers,
shown in Fig. 5.3, are selected and mounted between support frame and the handles. The
Delta F/T sensor has torque measure range of up to 60 Nm around all axes and the torque
resolution of 0.0075 Nm. Since the transducer provides much more powerful signal than
the conventional ones, it is robust to noisy environments. The sensor houses a Net F/T
system which allows the communication between microcontroller and sensors via the CAN
bus or RS485 communication interface.
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5.1.2 Laser Range Finder
Laser Range Finder (LRF) gives the location of a detected object in terms of polar co-
ordinates. In this thesis, this sensor is used with a transitions detection algorithm which
detects left side (BL) and right side (BR) of the user trunk. Then, the distances , lL and
lR, of these sides to the LRF sensor and the angles, αL and αR, between these position
vectors and the longitudinal axis of the i-walker are continuously measured, as shown in
Fig. 5.4.
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ݒ௪ ݈௅ 
݈ ܪ 
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ܪோ 
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Figure 5.4: Proposed calculation method
However, the presented inverse kinematic controller in (4.2) continuously requires ωh,
vh, l, ψ, and φ which refer to the human angular velocity, the human linear velocity, the
distance from LRF sensor to the mid point of human trunk, the angle between l and
the longitudinal axis of body fixed frame, and the angle vh and l, respectively. To this
end, the parameters, l, ψ, and φ could be computed on-line using cosine theorem and the
equality, HHL = HHR. The derivatives of these three parameters also obtained since the
measurement performs every 100 ms. The other two parameters, wh and vh are computed
using kinematic relations in (3.11).
Since these two variables, l and φ , are time dependent, their derivatives can be taken
to compute rate of change. In this thesis, a new method is presented to measure all these
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Figure 5.5: Laser range finder URG-04LX [40]
parameters using only an LRF data and encoders data, which does not require the use of
wearable sensors like Inertia Measurement Units. The LRF provide the position distance
in polar coordinates.
The Laser Range Finder (URG-04LX) is selected for this project, as depicted in Fig 5.5.
It is assumed to be mounted on the front of the i-walker at point D. It has a detectable
range from 20 mm to 4000 mm and 1 mm resolution. The operation voltage and the
scanning area is 5V, 240o, respectively. The locations of upper body left end and right
end is measured each 100 ms. The connection between the computer and the LRF is
established with a serial interface (RS-232).
5.1.3 Rotary Magnetic Shaft Encoders
The proposed dynamic controllers (4.10) are directly fed by the position and velocity data
of the wheels, whereas the kinematic controller (4.2) uses the walker linear and angular
velocities which are computed by (3.2). The wheel angular positions is directly measured
by rotary magnetic encoders mounted on the shafts of the rear wheels, while the wheel
velocities can be obtained by differentiation of the position signal instead of using another
sensor like tachometer. However, when the position signal is noisy, the differentiation
process increases the noise in the velocity signal [41]. Thus, absolute encoders could be
more reliable for accuracy of the position and velocity data since they are immune to noise.
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Figure 5.6: AHM3 magnetic shaft encoder from BEI Sensors [42]
The AHM3 rotary magnetic shaft encoder, as shown in Fig. 5.6, is selected for each rear
wheel. The encoder is absolute and outputs 12 bits natural binary codes (i.e. 4096 positions
per revolution). The encoders requires minimum 5 V input voltage and communicates with
the serial interface CANopen.
5.2 Actuators
The i-walker has a 2 DOF non-holonomic mobile platform. Therefore two independent
actuators are necessary to control the i-walker in order to maintain human-walker coop-
eration. The main criteria of actuator selection in this thesis is performed based on the
emergency situation which requires the highest amount of torque. To this end, a sudden
stop case is defined as the emergency situation for avoiding a collision or preventing a
falling.
The maximum torque load is determined with respect to the following assumptions;
1) The user has 130 kg of mass and 0.5 m/s of gait speed during walking with the
i-walker.
2) The mass of i-walker frame is 20 kg.
56
3) The user and i-walker should be stopped within 1 sec on sudden stop case.
4) The torque load for each motor could be different at the sudden stop situation since
the user may be at single support or double support phase.
5.2.1 Brushless DC Motors
Once the required maximum torque load is determined for each actuator, we decided to
use direct drive motors which have no transmission systems, such as belt, chain or gear.
Therefore, these motors have less moving parts and less friction than geared motors have,
which improves the mechanical performance, motor lifetime, and reduces the operation
stiffness and noise.
Figure 5.7: HT03005 brushless DC motor from Allied Motion Technologies Inc. [43]
Two brushless DC motors (HT03005) are chosen from Allied Motion Technologies Inc.,
as shown in Fig. to drive the i-walker system. The detailed specifications of the selected
DC motors are presented in Table 5.1.
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Table 5.1: Motor Characteristics.
Variable Description Value Unit
Vp Design voltage 24 V
TC Maximum continuous stall torque 2.01 N.m
Tp Peak torque, 25% 11.4 N.m
Ip Peak current, 15% 42.5 A
SNL No load speed 89 rad/s
Rm Terminal resistance, 12% 0.56 Ω
Lm Terminal inductance, 30% 1.12 mH
Km Motor constant 0.36 (N.m)/
√
W
Kt Torque constant, 10% 0.26 N.m/A
Kb Back EMF constant 0.26 V/rad/s
mm Motor mass 1.55 kg
bm Viscous damping 5.2 10
−5 N.m/rad/s
Im Rotor inertia 1.9 10
−4 kg.m2
5.3 Processor
In this section, an adequate microcontroller is selected for the high speed data processing
in order to smoothly control the i-walker system. The selected microcontroller must have
the capability to communicate with all hardware and be able to perform fast mathematical
computation for control algorithms.
5.3.1 Microcontroller Board
The Arduino Due shown in Fig. 5.8 is chosen as a microcontroller board to be able to
communicate with the selected actuators and sensors. The board is based on a 32 bit ARM
core processor, Atmel SAM3X8E ARM Cortex-M3 CPU and runs at 84 MHz. It has a
high-speed CAN interface. There are 54 digital input/output pins (12 PWM channels), 12
analog inputs, 2 DAC (digital to analog), an SPI header, an USB OTG capable connection.
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Figure 5.8: The microcontroller board Arduino Due from ARDUINO [44]
The board is operating at 5 V and compatible with all Arduino shields operating at 3.3
V . The controller has a flash memory of 512 KB, 96 KB of RAM.
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Chapter 6
Conclusion and Future Work
This thesis has studied kinematic and dynamic modelling, control, and instrumentation of
active type i-walkers. Three dynamic models have been developed; two different models
with single body dynamics for control design purpose and one high-fidelity model for sim-
ulation testing of i-walker guided systems. The pHWI based on the user gait dynamics
is considered for all dynamic models. The single-body dynamic models have been classi-
fied as symmetric and asymmetric based on the CG displacements of the i-walker system
due to pHWI. In the single-body dynamic models, the vertical force components on the
i-walker due to pHWI are considered. Then, a high-fidelity model based on the articulated
frame steering vehicles has been developed to include the horizontal force components of
pHWI. This model has also been designed for the simulation purpose of the i-walker guided
systems. Based on the proposed symmetric and asymmetric models, two motion control
schemes have been designed. The proposed control schemes consist of an inverse kinematic
controller and a nonlinear dynamic controller. The kinematic controller uses the two-body
kinematic model and is applied to achieve the required i-walker velocities based on the user
relative motion, describing the user motion intention. The dynamic controller has been for
torque generation based on two different methods: PID control and SMC. The proposed
system models and control schemes have been simulation tested in MATLAB/Simulink
environment. The results demonstrate the effectiveness of the proposed system models
and control designs. Finally, a human motion detection technique is proposed, and instru-
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mentation is performed based on the designed controllers and the measurement technique.
In this study, the controllers for asymmetric dynamic model have been designed as-
suming a priori knowledge of the user gait parameters. In practice, the corresponding
information is not available due to noise and delay in sensing signals. Future work will
focus on the implementation of the designed controllers for the user whose gait character-
istics are known. Then, the controllers will be generalized for the use with unknown gait
characteristics. In the generalization, on-line parameter identification and adaptive control
law will be utilized.
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Appendix
The entries of the matrix M in (3.31):
M(1, 1) = mh +mc + 2mw
M(1, 2) = 0
M(1, 3) = −mcd sin(αw + β)
M(1, 4) = mhc sin γ −mha cos γ
M(1, 5) = M(1, 6) = 0
M(2, 1) = 0
M(2, 2) = mh +mc + 2mw
M(2, 3) = mcd cos(αw + β)
M(2, 4) = −mhc cos γ +mha sin γ
M(2, 5) = M(2, 6) = 0
M(3, 1) = −mcd sin(αw + β)
M(3, 2) = mcd cos(αw + β)
M(3, 3) = Ic +mcd
2 + 2mwL
2 + 2Im
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M(3, 4) = M(3, 5) = M(3, 6) = 0
M(4, 1) = mhc sin γ −mha cos γ
M(4, 2) = −mhc cos γ +mha sin γ
M(4, 3) = 0
M(4, 4) = Ih(a
2 + c2)mh
M(4, 5) = M(4, 6) = 0
M(5, 1) = M(5, 2) = M(5, 3) = M(5, 4) = 0
M(5, 5) = Iw
M(5, 6) = 0
M(6, 1) = M(6, 2) = M(6, 3) = M(6, 4) = M(6, 5) = 0
M(6, 6) = Iw
The non-zero entries of the matrix C:
C(1, 3) = −α˙wmcd cos(αw + β)
C(1, 4) = −γ˙ (mhc sin γ −mha sin γ)
C(2, 3) = −α˙wmcd sin(αw + β)
C(2, 4) = −γ˙ (mhc cos γ +mha cos γ)
The A(q), B(q) matrices and R(q˙), V (q) vectors are
A(q) =
− sinα cosα 0 0 0 0cosα sinα −L 0 −r 0
cosα sinα L 0 0 −r
 ,
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B(q) =

cos(αw − γ) − sin γ 0 0
sin(αw − γ) 0 0 0
0 0 0 0
(b+ c) cos γ 0 0 0
0 0 1 0
0 0 0 1

,
R(q˙) =

0
0
bR(α˙w − γ˙)
−bR(α˙w − γ˙)
bmθ˙R
bmθ˙R

, V (q) =

0
0
kR(αw − γ)
−kR(αw − γ)
0
0

.
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